INTRODUCTION {#h0.0}
============

The phytochrome superfamily is an important group of photoreceptors whose members are widely distributed in photosynthetic and nonphotosynthetic prokaryotes and eukaryotes ([@B1][@B2][@B3]). These proteins were first identified and characterized in land plants, where they are known to control a number of light-dependent processes ([@B1], [@B4][@B5][@B7]). Phytochrome-class proteins are dual color light switches that contain one or more light-sensing bilin chromophores, each covalently attached to the protein at conserved cysteine residues. Every bilin chromophore found in phytochromes can exist in one of two forms, each of which maximally absorbs a different wavelength of light. The structural change from one form to the other is most effectively driven by the chromophore's absorption of a photon of light. Switching between forms alters the structure of its attached protein in a unique way ([@B8]), leading to changes in how specific physiological processes are regulated.

Although all known phytochromes in plants and nonphotosynthetic bacteria isomerize between red light- and far-red light-absorbing forms ([@B3], [@B4], [@B6], [@B7]), phytochrome-like photoreceptors in large numbers of other species sense many additional wavelengths of light. The numbers, diversity, and range of light color-sensing capabilities of phytochrome superfamily members are the greatest in cyanobacteria and algae, with the filamentous cyanobacterium *Fremyella diplosiphon* containing as many as 27 different family members ([@B9][@B10][@B11]). In cyanobacteria, this variety is primarily due to the presence of a large number of cyanobacteriochromes, a subgroup within the phytochrome superfamily that uses only a GAF (cGMP phosphodiesterase/adenylate cyclase/FhlA) domain for light color sensing ([@B12]). A major unanswered question is how cyanobacteria actually use this capacity to respond to so many different light colors and how cross talk between photoreceptors is controlled.

A well-studied response that is regulated by a cyanobacteriochrome is type III chromatic acclimation (CA3), a process which involves changes in the composition of the photosynthetic light-harvesting antennae and is controlled by a cyanobacteriochrome called RcaE ([@B13][@B14][@B15]). In the CA3 model organism *F. diplosiphon*, RcaE directs a signal transduction pathway that in red light represses synthesis of the red-colored protein phycoerythrin and activates production of the blue-green-colored protein phycocyanin. In green light, RcaE does not repress phycoerythrin production or activate phycocyanin synthesis, resulting in an increased phycoerythrin-to-phycocyanin ratio. Consequently, because phycoerythrin and phycocyanin are major components of the photosynthetic light-harvesting antennae, which are called phycobilisomes, these changes result in a dramatic, reversible change in cell color phenotype, from blue-green in red light to brick-red in green light ([@B16]). Since phycoerythrin best absorbs green light and phycocyanin most effectively absorbs red light, CA3 provides a fitness advantage in changing light color environments by increasing the efficiency of photon capture for photosynthesis ([@B17]). RcaE is also a histidine kinase, switching between the kinase-active green-absorbing form (RcaE~g~) in red light and the kinase-inactive red-absorbing form (RcaE~r~) in green light ([@B15]). In red light, RcaE~g~ phosphorylates a complex two-component system comprised of the single domain response regulator RcaF and complex response regulator/transcription factor RcaC. This represses transcription of *cpeCDESTR* (here *cpeC*) and *cpeBA*, operons required to produce phycoerythrin-containing phycobilisomes, and activates transcription of the phycocyanin-encoding operon *cpcB2A2* ([@B18], [@B19]). There are only single copies of *cpeC* and *cpeBA* in the *F. diplosiphon* genome.

Here, we demonstrate that a previously uncharacterized cyanobacteriochrome named DpxA provides an additional level of photoreceptor-based regulation of phycoerythrin expression. DpxA maximally responds to teal and yellow light and regulates phycoerythrin abundance at least in part through a signal transduction pathway that is independent of the Rca system. Our data indicate that DpxA represses accumulation of phycoerythrin in yellow light and does not repress it in blue light. The absorption maxima of DpxA precisely flank the absorption maximum of RcaE~g~, allowing *F. diplosiphon* to use a second cyanobacteriochrome to fine-tune the RcaE regulation of phycoerythrin levels in the blue-to-yellow region of the light spectrum. These findings reveal how multiple cyanobacteriochromes are used by cyanobacteria to provide sophisticated light color sensing for the control of photosynthetic light-harvesting gene expression across the visible spectrum.

RESULTS {#h1}
=======

DpxA regulates phycoerythrin abundance. {#s1.1}
---------------------------------------

The *F. diplosiphon* genome is predicted to encode 27 phytochrome superfamily members ([@B11]), and most have no known function. To identify the functions of the uncharacterized cyanobacteriochromes in this organism, we created deletions of the genes encoding these putative proteins and compared the phenotypes of the mutants to that of wild-type cells. One of these deletions affected the color phenotype of cells when grown in natural-spectrum white light, with the mutant appearing black rather than the normal green color of the wild type ([Fig. 1A](#fig1){ref-type="fig"}). Whole-cell absorption spectra revealed that when normalized for chlorophyll absorbance, more green light (566 nm) was absorbed by this mutant than by wild-type cells, suggesting that phycoerythrin levels were higher in the mutant than in the wild type ([Fig. 1A](#fig1){ref-type="fig"}). Small but reproducible differences between mutant and wild-type cells in the absorption of long-wavelength light suggest that DpxA regulation of cell pigmentation may extend beyond control of phycoerythrin ([Fig. 1A](#fig1){ref-type="fig"}). Western blot analyses of total proteins extracted from mutant and wild-type cells using antibodies specific for the β subunits of phycoerythrin and phycocyanin revealed an approximately 2-fold-higher phycoerythrin level in the mutant than in the wild type but no difference in phycocyanin abundance ([Fig. 1B](#fig1){ref-type="fig"}). Therefore, the black pigmentation of the mutant cells, relative to the wild type, was due to elevated phycoerythrin levels. The disrupted gene was named *dpxA* because DpxA causes [d]{.ul}ecreased [p]{.ul}hycoerythrin e[x]{.ul}pression. DpxA has a calculated molecular mass of 54 kDa and is predicted to contain one GAF and one histidine kinase domain (see [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material). Its location in the genome suggests that *dpxA* is part of an operon (see [Fig. S1B](#figS1){ref-type="supplementary-material"}). Two results indicate that the elevated phycoerythrin (PE) phenotype in the *dpxA* mutant is due to the loss of DpxA. First, wild-type *dpxA* provided in *trans* nearly completely complemented the mutant phenotype, demonstrating that the mutant phenotype was due to the loss of DpxA (see [Fig. S2A](#figS2){ref-type="supplementary-material"} and [B](#figS2){ref-type="supplementary-material"}). In addition, individual deletions of the genes downstream of *dpxA* had no effect on PE levels (see [Fig. S2C](#figS2){ref-type="supplementary-material"}). Thus, the *dpxA* mutant phenotype is due to the loss of DpxA.

![Phenotype of a **Δ***dpxA* mutant. (A) Whole-cell absorbance scans of wild-type (WT) and **Δ***dpxA* cells after growth in natural-spectrum white light. Phycoerythrin (PE) and phycocyanin (PC) peaks are labeled. Spectra were normalized to the chlorophyll absorption peaks at both 440 nm and 680 nm, and each scan is an average from six independent experiments. Inset: photograph of wild-type and **Δ***dpxA* cells after growth in natural-spectrum white light. (B) Western blot analysis using the soluble fraction of cell lysates of wild-type and **Δ***dpxA* cells after growth in natural-spectrum white light. Mean values (below) and representative blots (above) are shown for PE (left) and PC (right). For each replicate, the same cell lysate was used for the antiphycoerythrin and antiphycocyanin assay blots. Values provided are normalized by the protein content value, quantified from the stained protein gel, from three independent protein extractions and Western blot replicates. **Δ***dpxA* mutant values were set to 100%. Standard errors of the means are shown.](mbo0011626570001){#fig1}

DpxA spectral qualities and kinase activity *in vitro*. {#s1.2}
-------------------------------------------------------

The DpxA GAF domain contains residues characteristic of bilin-binding photoreceptors, including a DXCF motif present in cyanobacteriochromes that sense the blue-to-orange region of the spectrum ([@B20]). The DpxA GAF domain sequence is similar to a DXCF-containing GAF domain from *Nostoc punctiforme* NpR5113g1 (see [Fig. S1C](#figS1){ref-type="supplementary-material"} in the supplemental material), which maximally absorbs teal and yellow-green light ([@B10]). Purified, full-length DpxA produced in phycocyanobilin-containing *Escherichia coli* fully photoconverted between the yellow-absorbing DpxA~y~ form (absorbance maximum \[λ~max~\], 568 nm) in blue light and the teal-absorbing DpxA~t~ form (λ~max~, 494 nm) in yellow light ([Fig. 2A](#fig2){ref-type="fig"}).

![Light absorption and kinase activity of DpxA in response to yellow and blue light. (A) Difference spectrum of purified DpxA between protein exposed to yellow (λ~max~, 579 nm) minus blue light (λ~max~, 466 nm). Insets: photographs of purified protein exposed to yellow (top) and blue (bottom) light. (B) Autophosphorylation of purified DpxA preirradiated to the DpxA~y~ (yellow line) or DpxA~t~ (blue line) forms. The DpxA~t~ ^32^P incorporation value at 20 min was set to 1.0. Each point is the average from three independent experiments, and standard errors of the means are shown. Inset: representative image of one experiment. Images shown are from the same gel.](mbo0011626570002){#fig2}

Some cyanobacteriochromes are light-dependent kinases, and we predicted that the C-terminal domain of DpxA would show autokinase activity that would be regulated by yellow and teal light. Photoconversion of the full-length protein to DpxA~t~ at the start of the kinase assay resulted in approximately 3-fold-higher *in vitro* phosphorylation than when converted into the DpxA~y~ form ([Fig. 2B](#fig2){ref-type="fig"}). Thus, the kinase-active form of DpxA is DpxA~t~, which is produced by irradiation with yellow light. We then investigated if DpxA rapidly reverted to DpxA~y~ or DpxA~t~ in the dark after blue and yellow light treatments. When DpxA was converted into DpxA~y~, there was virtually no dark reversion to the DpxA~t~ form over 22 h at 22°C, although some bleaching or degradation was apparent (see [Fig. S3A](#figS3){ref-type="supplementary-material"} in the supplemental material). There was slow and limited reversion to the DpxA~y~ form over 22 h after DpxA was converted to DpxA~t~ (see [Fig. S3B](#figS3){ref-type="supplementary-material"}). Therefore, DpxA does not undergo rapid dark reversion to either DpxA~y~ or DpxA~t~, although the slow reversion from DpxA~t~ to DpxA~y~ suggests that DpxA~y~ is the slightly more thermostable form of the protein.

Light-regulated effects of DpxA *in vivo*. {#s1.3}
------------------------------------------

To determine the influence of the light-absorbing state of DpxA on phycoerythrin expression in *F. diplosiphon* cells, we grew cultures under light conditions which converted this photoreceptor to various ratios of DpxA~y~ to DpxA~t~. Spectral scans of cells grown in blue light demonstrated that wild-type cells containing the DpxA~y~ form accumulated phycoerythrin to the same level as did mutant cells lacking DpxA ([Fig. 3A](#fig3){ref-type="fig"}). In green light, the intermediate ratio of DpxA~y~ to DpxA~t~ resulted in a difference in phycoerythrin accumulation between the wild type and the mutant that was greater than that in blue light ([Fig. 3B](#fig3){ref-type="fig"}), while wild-type cells grown in yellow light and containing the DpxA~t~ form accumulated far less phycoerythrin than did mutant cells lacking DpxA ([Fig. 3C](#fig3){ref-type="fig"}). Therefore, DpxA~t~ must be the active form of this photoreceptor and increasingly repress phycoerythrin accumulation as the cells are shifted from blue to yellow light, while DpxA~y~ is the inactive form and lacks the ability to repress phycoerythrin expression when cells are grown in blue light. The *in vivo* results are consistent with those of the autokinase assay ([Fig. 2B](#fig2){ref-type="fig"}), in which DpxA~t~ was also the active form. Interestingly, DpxA most strongly repressed phycoerythrin accumulation in yellow light, a color in which the photoreceptor RcaE does not repress phycoerythrin accumulation. Also, DpxA had very little effect on phycoerythrin accumulation when the cells were grown in red light ([Fig. 3D](#fig3){ref-type="fig"}), although it directly or indirectly affected pigmentation in the 480- to 520-nm range.

![Effect of DpxA on phycoerythrin levels across the visible spectrum. Whole-cell absorbance scans of wild-type and **Δ***dpxA* cells grown in blue (λ~max~, 466 nm) (A), green (λ~max~, 520 nm) (B), yellow (λ~max~, 579 nm) (C), or red (λ~max~, 645 nm) (D) light at 12 µmol photons m^−2^ s^−1^. Cell cultures were scanned in late logarithmic growth phase, and each scan is an average from six independent experiments. Spectra were normalized to the chlorophyll absorption peaks at both 440 nm and 680 nm. PC, phycocyanin.](mbo0011626570003){#fig3}

Integration of DpxA and RcaE sensing. {#s1.4}
-------------------------------------

Together, the photobiological properties of DpxA and RcaE provide color-sensing capability across the visible spectrum ([Fig. 4](#fig4){ref-type="fig"}). In blue light (466 nm), purified photoreceptors were in the DpxA~y~ and RcaE~r~ forms. Both of these are the kinase-inactive forms of the proteins. Exposing the photoreceptors to the longer wavelengths of green (520 nm) and yellow (579 nm) light gradually shifted DpxA from DpxA~y~ to DpxA~t~ while RcaE remained in its RcaE~r~ form. Treatment with the longer wavelengths of amber (594 nm) and orange (610 nm) light changed RcaE~r~ to RcaE~g~ while not affecting DpxA~t~. In red light (645 nm), RcaE was completely converted to RcaE~g~, whereas DpxA~t~ and DpxA~y~ were present at approximately equivalent levels. This was observed after a 4-min red light treatment, regardless of the state of DpxA prior to the treatment. The DpxA equilibrium that existed after red light treatment was similar to the equilibrium observed for green light-treated DpxA. One possible explanation for this is that both red and green light-emitting diodes (LEDs) emit wavelengths at DpxA's isosbestic point ([Fig. 2A](#fig2){ref-type="fig"}). Interestingly, when the light absorption profiles of all of the forms of DpxA and RcaE were plotted on the same graph ([Fig. 5](#fig5){ref-type="fig"}), the separation of the absorption maxima of DpxA~t~ and DpxA~y~ was determined to be only 72 nm, and these maxima evenly straddled the relatively broad absorption maximum of RcaE~g~ ([Fig. 5](#fig5){ref-type="fig"}) ([@B15]). In addition, the absorption maxima for RcaE~g~ and RcaE~r~ were separated by 129 nm, nearly double that of the two forms of DpxA ([Fig. 5](#fig5){ref-type="fig"}).

![DpxA and RcaE photostationary states after light treatments across the visible spectrum. Absorbance scans of purified full-length DpxA (dashed lines) and the RcaE GAF domain (solid lines) after treatment with light of the wavelength indicated. The colored vertical lines indicate the peak wavelengths of light to which the proteins were exposed. Insets: photographs of purified DpxA (left) and RcaE (right) in the light color specified.](mbo0011626570004){#fig4}

![Absorbance spectra of DpxA~t~ (teal line), DpxA~y~ (yellow line), RcaE~g~ (green line), and RcaE~r~ (red line). Each form is indicated by a colored oval above its peak absorption wavelength, which is provided below the oval. The regions of the spectrum maximally absorbed by DpxA~y~ and RcaE~r~ are the wavelengths where phycoerythrin is repressed by DpxA and RcaE, respectively.](mbo0011626570005){#fig5}

We investigated whether the effect of DpxA on phycoerythrin accumulation was through a signal transduction pathway that was independent of the Rca system. Although *dpxA* is adjacent to a gene that encodes a putative response regulator of a two-component system in the *F. diplosiphon* genome (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material), it remained possible that DpxA's influence on phycoerythrin abundance was exclusively through RcaF and/or RcaC, the response regulators that are necessary for repression of phycoerythrin during CA3. Because RcaC is the final component within the Rca pathway ([@B21]), we compared phycoerythrin levels in *ΔrcaC* and *ΔrcaC ΔdpxA* mutants grown in natural-spectrum white light and found that DpxA influence on phycoerythrin accumulation was not dependent on RcaC (see [Fig. S4](#figS4){ref-type="supplementary-material"}). This demonstrates that there must be a signal transduction pathway through which DpxA regulates phycoerythrin expression that is independent of the Rca system.

DISCUSSION {#h2}
==========

The capacity of DpxA and RcaE to respond to different regions of the light spectrum allows *F. diplosiphon* to actively regulate the abundance of phycoerythrin in almost all light colors and provides a new, previously unrecognized degree of sophistication in the regulation of photosynthetic gene expression by light color ([Fig. 5](#fig5){ref-type="fig"}). The influence of the DpxA and RcaE systems is evident across the visible spectrum. In red light, RcaE is in its active form and the influence of the Rca system is strong, activating phycocyanin expression and repressing phycoerythrin expression. The effect of DpxA in red light is minor ([Fig. 3D](#fig3){ref-type="fig"}), perhaps because DpxA is an approximately equimolar mixture of active and inactive forms in this light color ([Fig. 4](#fig4){ref-type="fig"}). Shifting cells to yellow light, the DpxA system is the predominant means of repressing phycoerythrin accumulation, as RcaE has largely converted into its inactive form ([Fig. 4](#fig4){ref-type="fig"}). In the blue region of the spectrum, both RcaE and DpxA are in their inactive states and the repression of phycoerythrin abundance by these two photoreceptors is at its minimum ([Fig. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). This may be a mechanism through which the cells fully commit to phycoerythrin accumulation only when the wavelengths of light between red and green are no longer available for photosynthesis. The possible existence of a color-sensing mechanism capable of fine-tuning light-harvesting biogenesis in the green region of the spectrum such as the one that we describe here has been previously suggested but not identified until now ([@B10]).

DpxA responds to a narrower range of wavelengths than the well-characterized cyanobacteriochrome RcaE ([@B15]) ([Fig. 5](#fig5){ref-type="fig"}), and although both repress phycoerythrin, DpxA does not activate phycocyanin in wild-type cells ([Fig. 1B](#fig1){ref-type="fig"}). Thus, DpxA functions as a fine-tuning modifier of phycobilisome biogenesis, affecting phycoerythrin accumulation in response to a subset of light colors within the green range, a spectral region in which RcaE~g~ absorbs broadly and thus is not useful for fine color discrimination and where phycocyanin regulation is less relevant. Cyanobacteriochrome family members in other cyanobacterial species vary in the range of wavelengths to which they respond ([@B10]). Thus, the integration of the DpxA and RcaE color-sensing systems in the control of chromatic acclimation may be an indication of similar systems yet to be discovered in other organisms.

Other regulatory systems that influence phycoerythrin abundance exclusively have been described in *F. diplosiphon* and related species. The Cgi pathway has been shown to repress phycoerythrin accumulation in red light through a posttranscription initiation mechanism ([@B22], [@B23]), and a translation initiation factor 3 named IF3α has been identified in the light color-mediated repression of phycoerythrin expression in *F. diplosiphon* ([@B24]). Interactions between DpxA, the Cgi system, and IF3α have not yet been discovered. During type II chromatic acclimation (CA2) in *Nostoc punctiforme*, phycoerythrin is also repressed in red light, using the green-red-sensing cyanobacteriochrome CcaS ([@B25], [@B26]). It was postulated that CcaS may be similar to the sensor for the Cgi system. However, DpxA controls a teal-yellow-sensing system, distinguishing it from the green-red-sensing CcaS-controlled pathway. Furthermore, despite the existence of DpxA homologs with 67% or greater sequence identity in 15 other cyanobacterial species (see [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material), DpxA has only 28% sequence identity with full-length CcaS. The DpxA system therefore appears to be independent of the RcaE-controlled portion of the CA3 system, the CA2 system, and perhaps the Cgi system, and is a previously unrecognized mechanism for acclimation of phycoerythrin in the green light range.

The identification of DpxA as a repressor of phycoerythrin abundance makes it the first yellow-light-sensing cyanobacteriochrome with a known physiological role. DpxA-like proteins must be broadly important for light sensing in cyanobacteria, since a large number of predicted photoreceptors with strong sequence relatedness (greater than or equal to 67% identity) to the entire length of DpxA exist in many cyanobacteria (see [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material). The large number of phytochrome-class photoreceptors in *F. diplosiphon* also raises the possibility that another cyanobacteriochrome plays a role for RcaE~r~ that is similar to the role DpxA plays for RcaE~g~, fine-tuning phycocyanin abundance in the red light region of the spectrum. If so, we would expect the absorption maxima for such a photoreceptor to approximately evenly flank the 661-nm absorption maximum of RcaE~r~.

The independent color-sensing capabilities of DpxA and RcaE, combined with the overlapping roles of these two photoreceptors, provide an important new perspective on how cyanobacteriochromes operate in the natural environment, where light is not monochromatic. Chromatic acclimation was first described in *Oscillatoria sancta* as a dramatic switch of cell color from red when grown in green light to blue-green when grown in red light ([@B27]). Since then, other cyanobacteria have been shown to change pigmentation in response to two light colors ([@B16], [@B22], [@B28][@B29][@B30]). Our discovery that CA3 in *F. diplosiphon* is controlled by two sensing systems that track four different light colors demonstrates that this process is simultaneously responding to many different ratios of light color in the environment. The presence of these two acclimation systems in one organism also underscores the value of fine-tuning the composition of the photosynthetic light-harvesting pigments to match subtle changes that occur in the spectral distribution of ambient light color.

Recent studies have shown that multiple cyanobacteriochromes can coordinately regulate phototaxis and aggregation ([@B31], [@B32]). However, the absorption characteristics of the photoreceptors involved in these processes are similar (UV/blue for phototaxis and blue/green for aggregation). Therefore, the physiological role of using more than one photoreceptor in these systems does not appear to be to significantly expand the range of light color sensing. It is possible that the photoreceptors in these systems serve intensity-sensing roles, which could be conferred by different reversion kinetics and/or output functions for each of the photoreceptors.

The results presented here provide a novel example of how cyanobacteriochromes interact by demonstrating that DpxA and RcaE have very different light absorption properties yet share overlapping functional roles in the regulation of phycoerythrin abundance. The gradual, coordinated release of the tandem repressing functions of these two photoreceptors as cells transition from red to blue light, especially through the yellow/teal region of the spectrum, demonstrates a much higher level of sophistication in the light color regulation of phycobilisome biogenesis than initially believed ([@B16], [@B27][@B28][@B29], [@B33]). In fact, it is not entirely surprising that such precise regulation exists, since efficient light harvesting is critical for cyanobacterial fitness under changing light conditions ([@B17]) and the production of these antennae, which may comprise up to 60% of the total soluble protein in a cyanobacterial cell ([@B33]), represents a major investment of resources for these organisms.

MATERIALS AND METHODS {#h3}
=====================

Strains and growth conditions. {#s3.1}
------------------------------

The wild-type strain of *F. diplosiphon* UTEX 481 (also called *Tolypothrix* sp. strain PCC 7601) used was the shortened-filament mutant strain SF33 ([@B34]). Cultures were grown in BG-11 medium from an absorbance at 750 nm of 0.01, as described previously ([@B35]), in light irradiances of 12 µmol photons m^−2^ s^−1^. Custom-built light-emitting diode (LED) panels provided red light (Digi-Key; catalog no. 160-1415-2-ND), green light (Digi-Key; catalog no. 754-1099-2-ND), blue light (Digi-Key; catalog no. 516-2672-1-ND), yellow light (Digi-Key; catalog no. 516-2673-1-ND), amber light (Novelty Lights, Inc.; catalog no. CGWA50/2.5-W-YE), and orange light (Novelty Lights, Inc.; catalog no. CGWG50/2.5-W-AM). Solux 4,700 K halogen lamps (Eiko Ltd.; catalog no. Q50MR16/CG/47/36) provided white light that closely matched the natural visible spectrum ([@B36]). The emission spectra of all LEDs are provided in [Fig. S6](#figS6){ref-type="supplementary-material"} in the supplemental material, and those for the white light were as previously described ([@B36]).

Construction and complementation of the *dpxA* and *rcaC* deletion mutants. {#s3.2}
---------------------------------------------------------------------------

To create *dpxA*, response regulator gene, hybrid histidine kinase gene, and *rcaC* single and double null mutant strains, two fragments of each gene were PCR amplified from *F. diplosiphon* genomic DNA. Primers are listed in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. Primers 1 and 2 in each set were used to amplify the N-terminal region of the target gene. Primers 3 and 4 of each set were used to amplify the C-terminal region of the target gene. The fragments were fused by fusion PCR as previously described ([@B24], [@B37]). The resulting fusion fragment was cut with NcoI, which cleaved within the primer sequences, and ligated into pJCF276 ([@B38]), which had also been cut with NcoI. The sequences of the deletion constructs of *dpxA* and *rcaC* and double mutants were confirmed by sequencing. *F. diplosiphon* SF33 was transformed by triparental mating, and mutants were obtained by two selection procedures: first with neomycin and then by counterselection with sucrose as previously described ([@B38]). Three independent colonies of each null mutant were selected and tested by PCR amplification, sequencing, and Southern blot analyses. *dpxA* mutants were complemented by cloning *dpxA* and its native promoter into the shuttle vector pPL2.7 ([@B34]) using the primers listed in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. Three independent growth experiments were conducted for each cell type and light condition.

Expression and purification of His-tagged DpxA and RcaE. {#s3.3}
--------------------------------------------------------

For the expression of DpxA and the GAF domain of RcaE in *E. coli*, each insert was PCR amplified using *F. diplosiphon* genomic DNA and cloned into the pETDuet vector (Novagen) after cutting with BamHI and SacI. All primer sequences used are listed in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. RcaE GAF expression primers were based upon previously published sequences ([@B15]). All junctions and PCR amplification products were confirmed by sequencing. These plasmids were transformed into *E. coli* BL21(DE3) cells containing pPcyA ([@B39]). *E. coli* BL21(DE3) colonies containing pPcyA and the pETDuet vector with *dpxA* or *rcaE* inserts were selected on LB medium plates with 30 µg ⋅ ml^−1^ chloramphenicol and 50 µg ⋅ ml^−1^ ampicillin. A 5-ml culture of cells grown in LB medium with chloramphenicol and ampicillin with shaking at 37°C overnight was added to 1 liter of LB medium containing 30 µg ⋅ ml^−1^ chloramphenicol and 50 µg ⋅ ml^−1^ ampicillin and grown with shaking at 25°C for 4 h. A final concentration of 0.2 mM isopropyl-β-[d]{.smallcaps}-thiogalactoside was added to induce expression of the genes encoding heme oxygenase 1 (*ho1*), phycocyanobilin ferredoxin-dependent oxidoreductase (*pcyA*), and six-histidine-tagged versions of either DpxA or the RcaE GAF domain. Cells were grown overnight with shaking at 25°C and then harvested by centrifugation at 8,000 × *g* for 10 min at 4°C. RcaE and DpxA proteins from *E. coli* were then isolated as previously described ([@B14]). Kinase assays were performed as previously described ([@B40]), with DpxA and RcaE fully converted to the desired state by 5-min treatments with either blue or yellow light before conducting the remainder of the experiment in darkness.

Measurement of phycoerythrin and phycocyanin abundance. {#s3.4}
-------------------------------------------------------

Total cellular proteins were isolated from *F. diplosiphon* cells ([@B41]), and Western blot analyses using antiphycoerythrin and antiphycocyanin polyclonal antibodies (a gift from Wendy Schluchter, University of New Orleans) and goat anti-rabbit IgG-horseradish peroxidase (HRP) antibody (Santa Cruz Biotechnology) were performed according to the manufacturer's instructions. The same cell lysates were used for the two antibodies. Samples were taken at the same optical density at 750 nm of 1.0, and 10 µl of lysate was added to each lane. Phycoerythrin and phycocyanin proteins were detected using SuperSignal West Femto chemiluminescent substrate (Thermo Scientific), according to the manufacturer's instructions, and the images were viewed using the Bio-Rad ChemiDoc MP system. Each final value was calculated by normalizing the antibody image value by the protein content value for that lane, which was quantified from the protein gel.

Spectral measurements. {#s3.5}
----------------------

A Beckman DU640B spectrophotometer was used to measure the spectra of *F. diplosiphon* cultures from 375 to 725 nm. Spectral scans were recorded at an absorbance at 750 nm of 1.0 to 1.2. For all analyses, six scans recorded from independent experiments were normalized to the average of the two peak chlorophyll absorption values at 440 and 680 nm. Each scan presented is the average of the six scans after normalization to the two chlorophyll values. A Synergy Mx plate reader (BioTek Instruments) was used to measure the absorbance and difference spectra of DpxA full-length protein and the RcaE GAF domain as previously described ([@B36]). The light sources used for each of these experiments were provided using the LEDs with emission spectra shown in [Fig. S6](#figS6){ref-type="supplementary-material"} in the supplemental material and described under "Strains and growth conditions." Light irradiances of each LED source were measured using a Jaz spectrometer (Ocean Optics) and an LI-250 photometer with a cosine-corrected sensor (Li-Cor). For the absorbance measurements, purified DpxA and RcaE GAF domain were irradiated for 4 min with 12 µmol photons m^−2^ s^−1^ of the appropriate light wavelength before each spectral measurement. Each whole-cell scan shown in the manuscript is the average of six independent experiments. Each protein scan is representative of three independent experiments, with two technical replicates for each.

Bioinformatics. {#s3.6}
---------------

Protein sequences closely matching DpxA were identified by using *F. diplosiphon* DpxA sequence to search the National Center for Biotechnology Information (NCBI) genome database using BLASTP ([@B42]). Matches with an E value of 0.0 were downloaded in FASTA format and aligned using the multiple sequence alignment Clustal Omega (<http://www.ebi.ac.uk/Tools/msa/clustalo/>) ([@B43]). The identity threshold between pairs was determined using the percent Identity Matrix Feature, also available through the Clustal Omega program.

SUPPLEMENTAL MATERIAL {#sm1}
=====================

###### 

\(A\) Predicted domain organization of DpxA. DpxA is 474 amino acids in length. The GAF domain length is 140 amino acids, and the histidine kinase domain length is 216 amino acids. (B) Genomic context of the *dpxA* gene within the *Fremyella diplosiphon* genome. DpxA is the "GAF histidine kinase." Protein accession numbers are as follows: hybrid histidine kinase, WP_045867494; response regulator, WP_045867495; DpxA, WP_045867496; CpeS-like, WP_045867497; PBS lyase, WP_045867498; RF1-like, WP_045867499; hypothetical, WP_045867500. The gene immediately 3′ of the hybrid histidine kinase gene is encoded by the opposite strand of DNA. (C) Clustal Omega alignment of the GAF domains of DpxA from *F. diplosiphon* and NpR5113g1 from *Nostoc punctiforme*. Residues filled in black are identical, and residues filled in gray are similar, between the GAF domains. Download

###### 

Figure S1, PDF file, 0.5 MB

###### 

Complementation of the Δ*dpxA* mutant. (A and B) Photographs (A) and whole-cell absorption spectra (B) of whole-cell cultures of wild-type cells, Δ*dpxA* cells, and Δ*dpxA* cells transformed with pPL2.7-*dpxA*. Scans and pictures are representative of three independent experiments. Phycoerythrin (PE) and phycocyanin (PC) peaks are labeled. (C) Effect of the deletion of *dpxA*, *dpxB*, and *dpxC* in the wild-type background. In each case, cultures were grown to late log phase in yellow light and scans are representative of three independent experiments. Phycocyanin (PC) and phycoerythrin (PE) are indicated. Whole-cell absorbance scans of wild type (black line), Δ*dpxA* (blue line), response regulator gene deletion downstream of *dpxA* (orange line), and hybrid histidine kinase gene deletion downstream of *dpxA* (purple line). Download

###### 

Figure S2, EPS file, 1.8 MB

###### 

Dark reversion kinetics of the two forms of DpxA. Analysis of DpxA absorption characteristics during a dark treatment after exposure to blue (A) or yellow (B) light. Line colors and numbers in the key indicate the length of time of the dark treatment after the initial light treatment. Blue and yellow lines are the absorption spectra obtained after irradiation with either yellow light (YL) or blue light (BL), which was given after the last dark treatment time point. Download

###### 

Figure S3, EPS file, 0.8 MB
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DpxA operates through a non-Rca pathway. Whole-cell absorption spectra of the Δ*rcaC* and Δ*rcaC* Δ*dpxA* mutants after growth in natural-spectrum white light. Download

###### 

Figure S4, EPS file, 0.6 MB

###### 

Comparison of the sequence of DpxA from *F. diplosiphon* to proteins with similar sequences from 15 different species of cyanobacteria. Regions containing the GAF domains are indicated with a red line above the sequences, and stars indicate conserved cysteine residues involved in bilin binding. Residues filled in black are identical, and residues filled in gray are similar, between at least 60% of proteins analyzed. Amino acid sequence numbers are indicated on the right. Genus/species abbreviations are as follows: S_hofmanni, *Scytonema hofmanni* PCC 7110; C_thermalis, *Chroococcidiopsis thermalis* PCC 7203; Calothrix7103, *Calothrix* sp. PCC 7103; L_boryana, *Leptolyngbya boryana* PCC 6306; M_testarum, *Mastigocoleus testarum*; Pseudanabaena6802, *Pseudanabaena* PCC 6802; Calothrix6303, *Calothrix* sp. PCC 6303; Synechocystis7509, *Synechocystis* sp. PCC 7509; Cyanothece7425, *Cyanothece* sp. PCC 7425; C_minutus6605, *Chamaesiphon minutus* PCC 6605; Leptolyngba7375, *Leptolyngbya* sp. PCC 7375; S_tolypothrichoides_VB61278, *Scytonema tolypothrichoides* VB-61278; C_cyanobacterium_CENA595, *Chroococcales* cyanobacterium CENA595; S_millei, *Scytonema millei* VB511283. Download

###### 

Figure S5, JPG file, 1.6 MB

###### 

Emission spectra for the LED lights used in this study. The maximum light emission values for each LED are as follows: blue, 466 nm; green, 520 nm; yellow, 579 nm; amber, 594 nm; orange, 610 nm; red, 645 nm; far red, 740 nm. Download

###### 

Figure S6, EPS file, 0.8 MB

###### 

DNA sequences of primers used in this study.

###### 

Table S1, TIF file, 0.3 MB

**Citation** Wiltbank LB, Kehoe DM. 2016. Two cyanobacterial photoreceptors regulate photosynthetic light harvesting by sensing teal, green, yellow, and red light. mBio 7(1):e02130-15. doi:10.1128/mBio.02130-15.

We thank Wendy Schluchter and Christina Kronfel for the gift of the antiphycoerythrin and antiphycocyanin antibodies. We also thank the members of the Kehoe laboratory for their thoughtful comments on the manuscript.

This research was entirely supported by National Science Foundation grant MCB-1029414 to David M. Kehoe. The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication.

[^1]: Present address: Lisa B. Wiltbank, Department of Biological Sciences, North Dakota State University, Fargo, North Dakota, USA.

[^2]: **Editor** Frederick M. Ausubel, Mass General Hospital
